Abnormalities of GABAergic interneurons are some of the most consistent findings from postmortem studies of schizophrenia. However, linking these molecular deficits with in vivo observations in patients -a critical goal in order to evaluate interventions that would target GABAergic deficits -presents a challenge. Explanatory models have been developed based on animal work and the emerging experimental literature in schizophrenia patients. This literature includes: neuroimaging ligands to GABA receptors, magnetic resonance spectroscopy (MRS) of GABA concentration, transcranial magnetic stimulation of cortical inhibitory circuits and pharmacologic probes of GABA receptors to dynamically challenge the GABA system, usually in combination with neuroimaging studies. Pharmacologic challenges have elicited behavioral changes, and preliminary studies of therapeutic GABAergic interventions have been conducted. This article critically reviews the evidence for GABAergic dysfunction from each of these areas. These methods remain indirect measures of GABAergic function, and a broad array of dysfunction is linked with the putative GABAergic measures, including positive symptoms, cognition, emotion, motor processing and sensory processing, covering diverse brain areas. Measures of receptor binding have not shown replicable group differences in binding, and MRS assays of GABA concentration have yielded equivocal evidence of large-scale alteration in GABA concentration. Overall, the experimental base remains sparse, and much remains to be learned about the role of GABAergic interneurons in healthy brains. Challenges with pharmacologic and functional probes show promise, and may yet enable a better characterization of GABAergic deficits in schizophrenia. Keywords fMRI; MRS; TMS; PET; psychosis; benzodiazepine
Introduction
Post-mortem studies of schizophrenia have yielded definitive evidence of GABAergic abnormalities (Akbarian and Huang, 2006; Benes, 2010; Lewis et al., 2012; Nakazawa et al., 2012) , but what is not clear is how these GABAergic abnormalities cause symptoms of the illness. While animal models provide helpful test beds for modeling schizophrenia and Interestingly, PVBCs are associated with cortical gamma oscillations (Bartos et al., 2007; Fuchs et al., 2007; Sohal et al., 2009 ). These cortical rhythms are associated with integrative cortical function (Buzsaki and Draguhn, 2004) , including attention (Fries et al., 2001) , working memory (Tallon-Baudry et al., 1998) and perception (Gray et al., 1989) . Abnormal gamma oscillations have also been implicated in schizophrenia -a potential link between the PV abnormalities and cognitive dysfunction observed in the illness (Gonzalez-Burgos et al., 2011; Uhlhaas and Singer, 2010) . However, since abnormal gamma oscillations can arise from a variety of pathological mechanisms -not necessarily GABAergic --in the sections that follow, we will consider other methodologies that more specifically target GABA function in schizophrenia.
Given that many of these studies combine samples of schizophrenia and schizoaffective disorder, we will use 'schizophrenia' to refer to both diagnostic groups.
In vivo measurement of GABA and GABARs

Radioligand studies
Several radioligands exist to measure the availability of GABARs in the brain. Positron emission tomographic (PET) studies have used [ 11 C]flumazenil, or a fluoridated derivative [ 18 F]fluoroflumazenil, which bind to α-1,2,3,6 subunits (See Figure 1 for an overview of the GABAR subunit pharmacology). Single photon emission computed tomography (SPECT) studies have employed [ 123 I]iomazenil, with similar pharmacology except for inverse agonist properties. PET studies have more recently used [ 11 C]Ro15-4513, an inverse agonist binding to α-1,5. Although these neuroimaging ligand studies permit reliable quantification of receptor densities, the diversity of GABAR and differential distribution in the brain presents an interpretative challenge when assaying for pathological changes.
Overall, the density of GABAR in schizophrenia does not appear abnormal in radioligand studies (see Table 1 ). SPECT studies with [ 123 I]iomazenil reported no group differences in comparison with control subjects Ball et al., 1998; Busatto et al., 1997; Verhoeff et al., 1999) , as did a PET study with [ 11 C]Ro15-4513 (Asai et al., 2008) . One group found that medial frontal cortex binding was positively associated with total symptoms, but negatively associated with outcome measures across the brain after displacement of the ligand following a diazepam infusion (Schroder et al., 1997) . While other groups also found symptom correlations with binding (Ball et al., 1998; Busatto et al., 1997) , another group failed to replicate these symptom correlations using a quantitative measurement of binding not sensitive to cerebral blood flow . Considering what is now known from the post-mortem findings, these essentially negative findings should not be too surprising. If the α-1 subunit GABAR's are downregulated at the pyramidal cell body and the α-2 subunit GABAR's are upregulated at the AIS of the pyramidal cells, a relatively non-selective ligand is not likely to show aggregate differences. Furthermore, 45% of the GABAergic cells in dLPFC are calretinin containing (not PV), which are not compromised in schizophrenia (Lewis et al., 2012) . Using more selective agents, such as [ 11 C]Ro15-4513, in combination with a pharmacologic challenge may provide a more promising approach. Recently, tiagabine, which increases GABA levels by blocking GAT1, has been shown to demonstrate shifts in α-1 binding due to endogenous GABA in healthy individuals (Stokes et al., 2014) . Such a strategy may be effective at evaluating the α-1 subunit changes reported in schizophrenia (Beneyto et al., 2011; Volk et al., 2002) .
Magnetic resonance spectroscopy studies
Magnetic resonance spectroscopy (MRS) is another imaging technique, which, in distinction to PET/SPECT studies, can assay GABA concentrations in vivo. However, measurement is limited by low signal-to-noise ratio, large voxel sizes, typically around 18 cm 3 , and sparse sampling, usually no more than 3 voxels sampled with a 3-tesla magnet. In contrast to radioligand studies of GABAR, a prediction of reduced GABA concentration from MRS is more straightforward, although MRS cannot separate intra-cellular from extra-cellular GABA, somewhat complicating interpretation. However, results to date are mixed, as Table  2 demonstrates. Of 17 voxels studied, 4 show reduced GABA, 3 reported increased GABA and 10 showed no difference. Reduced GABA in occipital cortex has been associated with impaired performance on visual orientation surround suppression, a GABAergic-dependent early visual process deficient in schizophrenia (Yoon et al., 2010) . Linking MRS-measured GABA with disrupted visual processing in schizophrenia represents an important step, although another group failed to find a relationship between another visual processing measure (contrast sensitivity) and GABA levels (Kelemen et al., 2013) .
Reliable measurement of GABA is relatively new, with the first report in schizophrenia appearing in 2009 (Goto et al., 2009b) . Medication status may be a confounding factor, as suggested by one study finding increased GABA only in unmedicated subjects in a medial prefrontal cortex (MPFC) voxel (Kegeles et al., 2012) ], although another report found reduced GABA in occipital cortex in unmedicated patients (Kelemen et al., 2013) . Sampling of voxels across the brain has also been sparse due to long acquisition times for single voxels, and it is too early to tell whether or not there is regional variation in GABA abnormalities based on MRS findings. One promising development is linking GABA levels to risk genes for schizophrenia that are involved in GABA synthesis, such as the gene for GAD1 (Marenco et al., 2010) or Erbb4, associated with risk and interneuron development (Marenco et al., 2011) . Another interesting approach found a positive correlation between GABA levels and gamma activity over the dLPFC (Chen et al., 2014) . In summary, while studies to date have not provided confirmation of reduced GABA levels in schizophrenia, the power of this technology has yet to be fully exploited.
GABA pharmacologic challenge and cognition
Cognitive impairment is a prominent feature of schizophrenia, and several investigators have proposed theories linking cognitive dysfunction to GABAergic abnormalities in schizophrenia (Gonzalez-Burgos et al., 2011; Lewis et al., 2012; Lisman et al., 2008) . A critical constituent of some of these theories has been hypofunction of the excitatory Nmethyl-d-aspartic acid glutamate receptors (NMDAR; Coyle, 2004; Javitt and Zukin, 1991; Olney and Farber, 1995) . NMDAR antagonists, such as ketamine and PCP, cause schizophrenia-like symptoms when administered to healthy volunteers, including interpersonal withdraw and cognitive impairment not seen with dopaminergic agonists (Krystal et al., 1994; Lahti et al., 1995b) . In animal models, NMDA antagonists inhibit GABAergic interneurons, leading to excitation of the disinhibited pyramidal cells (Homayoun and Moghaddam, 2007) , accounting for observations from neuroimaging studies in humans of increased cerebral blood flow and metabolism after ketamine challenge (Holcomb et al., 2005; Lahti et al., 1995a; Vollenweider, 1998) . Animal work has shown that down-regulation of the GAD67 enzyme occurs as a response of the interneuron to NMDA antagonism, which has been attributed to reduced Ca++ flux from the hypofunctioning NMDAR (Kinney et al., 2006; Zhang et al., 2008) , and reduction of the NR2A subunit of the NMDAR has been associated with PV neurons in schizophrenia (Woo et al., 2004) . Putting this work together, Lisman has suggested that GABAergic interneurons might falsely sense reduced pyramidal cell activity, and reduced GAD67 production may reflect the attempt to rebalance excitation/inhibition (Lisman, 2012). As mentioned above, Lewis and colleagues have also suggested that a re-setting of the excitatory/inhibitory balance occurs in conjunction with reduced layer III excitation, inferred from reduced dendritic spine density (Lewis et al., 2012) . In both interpretations, the implication is that overall cortical capacity is reduced, potentially linked to a reduction in the gammaoscillations mediated by PVBCs and PVChCs.
To address GABAergic mechanisms more specifically, Menzies and colleagues conducted a pharmacologic fMRI study, in which schizophrenia patients performed a working memory task ('n-back') after taking lorazepam (a benzodiazepine [BDZ] , which allosterically modulates the GABAR and potentiates inhibitory function), flumazenil (an antagonist at the BDZ receptor on the GABAR with partial inverse agonist properties) and saline (Menzies et al., 2007) . Working memory performance was worsened by lorazepam and improved by flumazenil in the schizophrenia patients, changes not seen in the controls. Overall, lorazepam and flumazenil both decreased activation and deactivation in the controls, whereas lorazepam did not reduce deactivation and flumazenil tended to enhance deactivation in the schizophrenia patients. Regional drug-by-group interactions were also noted in several brain areas. Their results confirm differential potency of GABAergic inhibitory systems in the schizophrenia brain and also highlight the difficulty of straightforward predictions in this paradigm. The use of the challenging n-back task may have confounded their experiment, since performance in the schizophrenia patients was at chance level for many of the experimental conditions. Together, these findings illustrate the importance of considering the balance between inhibitory and excitatory systems, as reflected by the fact that both potentiating and reducing overall GABA tone, in the healthy subjects, resulted in a similar change in overall activation and deactivation.
The Menzies study illustrates -albeit in a very small sample --the possibility of targeting the BDZ site on the GABAR to improve cognition in schizophrenia. Benzodiazepines bind relatively non-selectively to the α-1,2,3,5 subunits, and it has been suggested that drugs with subtype selectivity, e. g. for the α-2,3 subunits (Guidotti et al., 2005; Korpi and Sinkkonen, 2006; Rudolph and Mohler, 2014) or the α-5 subunit (Lodge and Grace, 2011 ) may be more efficacious in treating schizophrenia. A recent trial with an α-2,3 selective agent, MK-0777 (also known as TPA-023) showed promise in a small, proof-of-concept trial, improving performance on several cognitive tasks and increasing gamma band power (Lewis et al., 2008) . Unfortunately, the drug failed to improve cognition or symptoms in a larger trial (Buchanan et al., 2011) , but relatively poor affinity for the α-2 subunit make MK-0777 (Rudolph and Knoflach, 2011) an imperfect test of the hypothesis that these subunit selective compounds can play a role in schizophrenia therapeutics.
TMS studies of GABA and motor activity
TMS has been employed as another tool to study GABA-related inhibition in schizophrenia. TMS delivers a pulsed magnetic field that stimulates electrical current in nervous tissue. The most common paradigms use TMS to stimulate over the motor cortex, leading to contraction of a peripheral muscle, typically of the thumb or finger (motor evoked potential, MEP). One paradigm, called short-interval intra-cortical inhibition (SICI), involves the delivery of a sub-threshold conditioning stimulus (CS), which does not elicit a motor response by itself, approximately 1-4 msec prior to a suprathreshold test stimulus (TS), which does elicit a motor response (Kujirai et al., 1993) . The pairing of CS with TS reduces the amplitude of the MEP compared to the TS alone, referred to as inhibition. Of relevance for schizophrenia, pharmacologic evidence indicates the SICI is mediated by GABA A interneurons (Di Lazzaro et al., 2000; Ziemann, 2003) , probably with the α-2,3 subunit (Di Lazzaro et al., 2006) . A recent meta-analysis of 12 published studies found a significant reduction in SICI in schizophrenia patients (Hedge's g = 0.476, p < 0.0005), and no effect of age or medication status (Radhu et al., 2013 ). As Table 3 shows, reduced SICI has been reported across all phases of the illness. Some groups have found symptom correlations (less inhibition with greater symptom severity) (Daskalakis et al., 2002; Daskalakis et al., 2008; Liu et al., 2009) , but this has not been found in other centers (see Table 3 ). Interestingly, one recent report found a correlation between greater SICI inhibition and working memory performance (Takahashi et al., 2013) . Although these studies cannot rule out non-GABAergic causes of reduced SICI, this literature provides some of the most direct evidence for reduced inhibitory function predicted by the post-mortem GABA findings.
Expanding the reach of TMS probes outside the motor cortex and dependency upon measuring the MEP is desirable if one wishes to study more complex cortical functions. Recent innovations have combined TMS with other modalities, such as EEG, MEG and fMRI. For instance, using interleaved TMS and EEG, Ferrarelli and colleagues demonstrated decreased evoked gamma oscillations in fronto-central cortex after TMS stimulation of pre-motor cortex in schizophrenia (Ferrarelli et al., 2008) . While gamma oscillations have been linked with GABAergic abnormalities (Gonzalez-Burgos et al., 2011; Uhlhaas and Singer, 2010) , it is not entirely clear that this TMS-EEG paradigm implicates GABA deficits. However, with additional study and pharmacologic manipulation, it may yet be possible to use such a paradigm to link with the underlying molecular deficits.
GABA and emotion processing
It is well established that drugs acting on GABARs, such as valproate and BDZ, affect emotion regulation and have been used to treat schizophrenia, e. g. (Wassef et al., 1999) . These drugs treat anxiety associated with psychosis, but GABAergic systems are also more directly implicated in psychotic symptoms. Benzodiazepines can prevent a psychotic episode in the early stages of relapse (Carpenter et al., 1999) , and blocking GABAR activity with iomazenil, an antagonist and partial inverse agonist of the BDZ receptor, can induce psychotic symptoms in clinically stable schizophrenia patients (Ahn et al., 2011) . Furthermore, considering that GAD67 deficits have been identified in patients with bipolar disorder (Guidotti et al., 2000; Torrey et al., 2005; Woo et al., 2008) , affect may be an appropriate behavioral target for a schizophrenia drug aimed at one of the α-subunits of GABARs.
Benzodiazepine challenges during fMRI have been used to address GABAergic mechanisms of emotion processing in schizophrenia. Using a lorazepam challenge while subjects viewed salient visual stimuli, Taylor and colleagues (Taylor et al., 2014) found that schizophrenia patients exhibited a predicted group by drug interactions in the dorsal MPFC (dMPFC), as well as right superior frontal gyrus and left and right occipital regions. Instead of lorazepam causing a decreased BOLD signal as it did in the healthy subjects, it caused either less signal drop or, in the case of the dMPFC, increased BOLD signal in schizophrenia patients. These findings are consistent with the GABAR changes from the post-mortem data, because decreased α-1 GABAR would lead to less effect of lorazepam inhibiting neuronal activity, whereas increased α-2 GABAR on the AIS would lead to increased excitation (Lewis et al., 2012) . Interestingly, the magnitude of BOLD change with lorazepam correlated with several measures of negative affect, in both the schizophrenia patients and the comparison subjects, suggesting that GABAergic function is associated with negative affect in schizophrenia, on a continuum with normal behavior.
Using an alprazolam challenge while identifying emotional faces, Wolf and colleagues found that the first degree relatives of schizophrenia patients exhibited a stronger reduction in the amygdala and hippocampus than control subjects, who showed no BOLD signal change in these regions (Wolf et al., 2011) , findings which may be consistent with at least one study showing decreases in high affinity GABA uptake sites in the amygdala (Simpson et al., 1989) . Differences between these two BDZ challenge studies with emotional stimuli, as well as the BDZ challenge during a cognitive task described in section 4.0, may reflect the differential effects of task to uncover different aspects of abnormal GABA function. While these preliminary pharmaco-fMRI studies implicate GABAR abnormalities in schizophrenia, the fMRI signal is a composite of many physiological factors, and alternative interpretations are difficult to rule out.
Conclusions
GABAergic abnormalities in post-mortem studies of schizophrenia provide a rich database and fertile ground for theoretical models, although as this review demonstrates, functional implications of this post-mortem work have not been definitively established. The in vivo studies face a number of challenges, such as: 1) considerable variability exists at the subject level in all studies of post-mortem and in vivo GABA markers; 2) uncertainty exists as to whether or not a single or multiple etio-pathological processes characterizes patient samples gathered under the label of 'schizophrenia;' 3) not all findings have been replicated by all groups in all samples; 4) even if one assumes a single etio-pathological process and 100% replication, it remains difficult to predict implications of molecular level abnormalities on large-scale, aggregate measures of behavior; 5) regional variation across brain structures is poorly characterized; and 6) limited understanding of the molecular mechanisms and microcircuitry of the brain hinders our ability to interpret and predict effects on behavior. Most of the specific studies cited here have small sample sizes, usually less than 20 subjects, meaning that heterogeneity may lead to null results. Lastly, the experimental base for studies aimed at functional implications provides very sparse coverage of different functions and brain regions.
In spite of these limitations, several conclusions may be offered. The indirect measures available with current methodologies implicate a wide range of functions and brain regions associated with GABAergic abnormalities. In other words, it may be premature to limit attention to the dLPFC, hippocampus and cognitive function, when motor cortex and visual cortex may be involved, along with simple motor activity, perception, emotion processing and positive symptoms. As mentioned above, the post-mortem findings have been observed across all cortical regions examined, and it is easy to imagine that a pan-cortical defect in the microarchitecture might characterize some individuals with schizophrenia. Obviously, much work remains, but combinations of existing methodologies, such as pharmacologic challenges with neuroimaging studies, have the potential to yield new information that may refine our understanding of treatment targets and, ultimately, benefit those patients suffering from this devastating disorder.
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